Motion perception is impaired in many neuropathological conditions, including schizophrenia. Motion perception also declines in the course of normal aging. In this study, we ask whether aging is an additive factor in the motion-discrimination deficits of schizophrenia patients. We examined motion perception in schizophrenia patients (n = 44) and non-psychiatric controls (n = 40) whose ages ranged from 18 to 55. The tasks included velocity discrimination and contrast detection. Thresholds for each of the two tasks were determined for each subject using psychophysical methods. Schizophrenia patients showed significantly increased thresholds (degraded performance) for velocity discrimination compared with the controls. Degraded performance in patients was not related to age. In controls, however, velocity discrimination thresholds were significantly increased beginning by age 45. Performance on a contrast-detection task, which does not require precise discrimination of motion signals, was not significantly affected by age in either group. Aging, even in its early stages, degrades motion discrimination in normal adults. Aging, however, does not adversely affect motion-discrimination deficits in schizophrenia patients through age 55. A similar motion-discrimination deficit in schizophrenia patients and aging normal adults suggests that the mechanisms underlying motion processing in schizophrenia and normal aging may be associated. D
Introduction
Visual motion processing has been studied to explore the neurological underpinnings of eye-tracking dysfunction in schizophrenia (Holzman et al., 1973 (Holzman et al., , 1974 Sweeney et al., 1992; Levy et al., 1993; Friedman et al., 1995; Stuve et al., 1997; Chen et al., 1999a,b,c) . Motion processing has also been studied in normal aging (Owsley et al., 1983; Ball and Sekuler, 1986; Gilmore et al., 1992) . The effects of aging on motion processing may be relevant to neurodegenerative changes associated with the pathophysiology of schizophrenia.
Perception of visual movement is impaired in schizophrenia (Wertheim et al., 1985; O'Donnell et al., 1996; Stuve et al., 1997; Chen et al., 1999c Chen et al., , 2003a . For example, velocity-discrimination thresholds of schizophrenia patients are significantly higher than those of normal controls (Chen et al., 1999b) . Schizophrenia patients' performance is not impaired on tasks requiring detection of the presence of a motion target, however (Chen et al., 1999c) . Deficient velocity discrimination in schizophrenia implicates impairments in the motion pathway, although the exact neural mechanism responsible for the impairments is yet to be determined.
Normal aging is accompanied by a decline in visual motion processing, including contrast detection of moving gratings (Owsley et al., 1983) , detection of direction of moving patterns (Ball and Sekuler, 1986) , perception of velocity of moving patterns (Norman et al., 2003) , and perception of coherent motion (Trick and Silverman, 1991; Gilmore et al., 1992) . Visual detection of stationary targets, in contrast, is less affected by aging (Owsley et al., 1983; Cronin-Golomb et al., 1991) .
The role that aging plays in visual motion processing remains to be determined in schizophrenia. The detrimental effects of normal aging on motion perception suggest that the velocity discrimination deficit might be more pronounced in older schizophrenia patients than in younger ones. Alternatively, velocity-discrimination deficits in schizophrenia might not be magnified by the aging process, which would indicate that the underlying processes are not degenerative.
The visual cues that influence velocity discrimination vary as a function of target velocity (McKee et al., 1986; Chen et al., 1998) . At slow velocities (e.g. 3.68/ s), the dominant cues come from the target's position. At fast velocities (e.g. 26.68/s), the dominant cues come from the target's contrast. At intermediate velocities (e.g. 108/s), however, the dominant cues come from the target's velocity, a motion signal, and non-motion visual signals (position and contrast) are negligible (McKee, 1981; Nakayama and Tyler, 1981; Pasternak, 1987) . Thus, performance on a velocity-discrimination task at the intermediate velocity range reflects the integrity of the motion-processing system.
Here, we examined how the process of aging affects motion processing in schizophrenia patients and nonpsychiatric controls. Since the dominant mechanisms underlying velocity discrimination depend on the range of the target velocities, we examined velocity discrimination at slow, intermediate, and fast velocities. We also examined how aging affects contrast detection, a control task that employs procedures similar to those used in the velocity-discrimination task. The two-alternative, forced-choice procedure used in both tasks requires subjects to attend to two stimulus presentations separated by a short interval in order to make a correct response in each trial. Both tasks impose comparable and modest attentional demands and cognitive requirements, an important consideration in studies of aging and psychiatric populations. We tested both schizophrenia patients and normal controls, from early adulthood through the sixth decade of life.
Materials and methods

Subjects
Two groups of subjects were included: (1) Schizophrenia patients (SCZ, n = 44); (2) normal controls (NC, n = 40). All subjects were screened for substance abuse/ dependence within the previous 2 years and for any neurological or ocular disorders. None of the normal controls met DSM-IV criteria for a psychotic condition (lifetime) or for schizotypal, schizoid, or paranoid personality disorder based on a standardized interview (Kendler, 1989) . The SCZ patients were outpatients who met DSM-IV criteria for schizophrenia or schizoaffective disorder. Consensus diagnoses were made independently and blind to the experimental results by experienced clinicians based on a review of a standardized interview (Structured Clinical Interview for DSM-IV, Spitzer et al., 1994) conducted by trained interviewers, and an evaluation of all available hospital records. Most SCZ patients were receiving antipsychotic medication (mean daily chlorpromazine dose equivalent: 516 mg; r = 435 mg (Woods, 2003) ): typical antipsychotic, n = 10; atypical antipsychotic, n = 26; both typical and atypical, n = 4; no antipsychotic medication, n = 4. The average Brief Psychiatric Rating Scale (BPRS) (Overall and Gorham, 1992) score of the SCZ patients was 38.4 (r = 24.9). The average duration of illness was 14.2 years (r = 8.1 years), indicating that these were chronically ill patients in various stages of partial remission. Table 1 presents demographic information about the groups. The ages of the subjects ranged (Hollingshead, 1965) .
c Estimated verbal intelligence quotient based on vocabulary subtest of the Wechsler Adult Intelligence Scale-Revised (Wechsler, 1981) . from 18 to 55 years. The two groups did not differ significantly in age, socioeconomic status, verbal IQ, or years of education (all P's N 0.05). The control group had significantly more females than the SCZ group, which had an equal number of males and females. Written informed consent in accord with the IRB guidelines of McLean Hospital and Harvard University was obtained from all participants before testing.
Stimulus
In both tasks, the stimulus, a vertical grating that moved horizontally, was displayed on a Macintosh monochrome monitor (frame rate, 70 Hz). The grating had a sinusoidal waveform (spatial frequency: 0.5 cycles/8) of spatial luminance distribution. The grating was presented within a circular window with a diameter of 108 of visual angle. The grating moved either to the left or to the right, which varied randomly from trial to trial. A fixation cross was provided at the center of the screen.
Procedure
Velocity discrimination
Subjects viewed two sequentially presented moving gratings that differed in velocity and decided which one, the first or the second, moved faster. Within each trial, the stimulus was presented for 300 ms, and the time interval between the two stimuli was 500 ms. After viewing the two gratings, subjects reported their judgments by pressing one of the two designated buttons on the computer keyboard. A new trial began 500 ms after the subject's response was recorded. The initial velocity difference between the two comparison targets was set at 100%. We used a two-alternative forced-choice procedure to determine the velocity discrimination threshold. This procedure was combined with a standard three-down-one-up staircase. In this procedure, the velocity difference in successive trials was adjusted according to the correctness of a subject's responses. Specifically, the velocity difference between two stimuli in a trial was decreased by 5% of the current level if a subject made three consecutive correct responses, and increased by 5% of the current level if the subject made one incorrect response. The experimental session terminated after 12 reversals of staircase directions. The velocity difference levels of all reversals, except for the first, were averaged to produce a threshold (DV), which corresponds to an accuracy level equivalent to 79% correct for every subject (Levitt, 1972) . The staircase procedure minimizes the experience of failure, an important consideration when testing psychotic patients. Each subject was tested at three base velocities: 3.68, 108, and 26.38/s, corresponding to slow, intermediate, and fast conditions, respectively; thresholds were obtained for all three base velocities.
Contrast detection
The task was to indicate in which of the two temporal intervals (first or second) in a trial the moving target was present. In one interval of each trial, a grating was presented for 300 ms. In the other interval of each trial, a blank screen was presented for 300 ms. The interstimulus interval was 500 ms. After viewing the two intervals, subjects reported their judgments by pressing one of the two designated buttons on the computer keyboard. A new trial began 500 ms after the subject's response was recorded.
The contrast of the gratings was set initially at 1.5%. The level of contrast varied from trial to trial according to the same two-alternative forced-choice staircase method described above (one-up-three-down). Specifically, the contrast level decreased by 5% of the current level if three consecutive correct responses were made, and increased by 5% of the current level if one incorrect response was made. Contrast levels of all reversals except the first were averaged to produce a threshold.
Detailed instructions and adequate practice for each task were administered before formal data collection. All experimental conditions were completed in a single 1-h session. To minimize fatigue and inattention, short breaks were provided during the session.
Results
Velocity discrimination as a function of age
Linear regression analysis indicated that velocitydiscrimination thresholds (VDTs) of NC increased significantly as a function of age only in the intermediate velocity condition (108/s, r = 0.47, P = 0.002), not in slow and fast velocity conditions (3.68/s, r = 0.12, P N 0.05; 26.38/s, r = 0.22, P N 0.05). VDTs in SCZ were not significantly correlated with age in any of the velocity conditions (3.68/s, r = 0.11, P N 0.05; 108/s, r = 0.03, P N 0.05; 26.38/s, r = 0.11, P N 0.05). Fig. 1 presents VDTs at 108/s for individual subjects.
To examine at which ages VDTs were affected, we divided the subjects into four subgroups on the basis of age (18-24 years, 25-34 years, 35-44 years, 45-55 years) . Table 2 presents means and standard deviations of VDTs at the three velocity conditions for NC and SCZ according to the age subgroups. The overall model, tested by a 4 (age) Â 3 (velocity) Â 2 (group) analysis of variance (ANOVA) was significant ( F = 8.8, df = 6, P b 0.0001). In the intermediate velocity condition (108/s), there was a significant effect of age on VDTs in NC ( F = 4.5, df = 3, P = 0.008), consistent with the linear regression analysis. There was no significant effect of age for the NC group in the slow (3.68/s) and fast (26.38/s) velocity conditions. Duncan's multiple range test (significance criterion set at 0.05) indicated that VDTs of the 45-55-year subgroup of NC were significantly higher than the VDTs of the other NC subgroups. In contrast, VDTs did not differ across the four age subgroups of SCZ ( F = 1.06, df = 3, P = 0.38).
The ANOVA showed a significant effect of group ( F = 22.31, df = 1, P b 0.0001), indicating significantly elevated VDTs for the SCZ group at 108/s (t = 2.6, df = 81, P = 0.01) and at 3.88/s (t = 4.3, df = 81, P b 0.0001). Although SCZ had higher VDTs than NC at the fast velocity (26.38/s), the group difference did not reach the conventional level for statistical significance (t = 1.8, df = 81, P = 0.07). There was also a significant effect of velocity ( F = 14.8, df = 2, P b 0.0001), such that across groups the worst performance occurred in the slow velocity condition.
Because performance in the SCZ group consistently had a higher variance, we assessed whether the slope of the relationship between VDTs and age differed across subgroups of patients (i.e. one group of patients improving with age and another group of patients performing worse with age, resulting in changes in the variance in the SCZ group as a function of age); through a test for homogeneity of errors. According to the methods outlined in McClelland (2000), we plotted the residuals against the predicted values of the regression line of the SCZ group across age. This plot resulted in a non-significant regression line (r = 0.06, P N 0.05), indicating that the variance was not heterogeneous in the SCZ group.
Influence of clinical and gender variables on velocity discrimination
There was no significant correlation between verbal IQ and VDTs at 10 8/s in either NC (r = À 0.17, P N 0.05) or SCZ (r = À 0.11, P N 0.05). VDTs in SCZ were not significantly correlated with either duration of illness (r = 0.13, P N 0.05) or BPRS score (r = 0.00, P N 0.05). VDTs in patients taking atypical agents (0.43, r = 0.26, n = 26) and typical agents (0.41, r = 0.53, n = 10) did not significantly differ (t = 0.23, df = 34, P = 0.82). The thresholds for those patients taking both typical and atypical agents (n = 4) and no antipsychotic medication (n = 4) were 0.15 (r = 0.11) and 0.12 (r = 0.17), respectively. No significant gender differences were found in either NC (t = 0.42, df = 38, P = 0.67) or SCZ (t = 1.03, df = 42, P = 0.30) with respect to VDTs. Although the NC group was made up of 75% females, the slope of the relationship between age and VDTs at 108/s did not differ between male and female controls (z = 0.28, P = 0.43).
Contrast detection
Contrast detection thresholds did not differ between SCZ and NC (t = 0.78, df = 83, P N 0.05). Contrast-detection thresholds were not significantly correlated with age in either SCZ (r = 0.10, P N 0.05) or NC (r = 0.15, P N 0.05). Contrast detection in SCZ was not significantly correlated with either duration of illness (r = 0.04) or BPRS score (r = 0.00). The type of antipsychotic drugs received appears to have an effect on contrast-detection thresholds in SCZ (Chen et al., 2003b) . The thresholds of the patients who received typical agents (0.0066, r = 0.007, n = 10) were significantly higher (t = 2.15, df = 34, P = 0.05) than those of the patients who received atypical agents (0.0024, r = 0.002, n = 26). The thresholds for those patients receiving both typical and atypical agents (n = 4) and no antipsychotic medication (n = 4) were 0.0025 (r = 0.0002) and 0.0014 (r = 0.0004), respectively. No significant gender differences were found in either NC (t = -0.35, df = 38, P = 0.73) or SCZ (t = À 0.59, df = 42, P = 0.55) with respect to contrast detection.
Discussion
In the SCZ group, the thresholds for velocity discrimination were elevated above those of normal controls and the elevated thresholds appeared to be independent of age. Normal adults, on the other hand, showed significantly raised velocity-discrimination thresholds as early as after age 45. Both groups showed similar performance in contrast detection, and no age effects were observed.
Our result of a relatively stable velocity-discrimination deficit in SCZ independent of age contrasts with findings of age-related deterioration in specific neurophysiological deficits, such as backward visual masking (Green et al., 2003) , eye tracking (Ross et al., 1999) and P300 event-related potentials (O'Donnell et al., 1995) . A common finding in these studies is that aging degrades performance in normal adults and adds further impairment to existing deficits in patients. In the present study, the magnitude of the motion-discrimination deficit in SCZ did not worsen with age, suggesting that certain neural processes underlying aging and schizophrenia may not be independent, as would be the case if aging introduced an additional impairment to the motion deficit already present in schizophrenia.
Age-independent velocity discrimination in SCZ contrasts with age-dependent velocity discrimination in NC, whose performance decline starts as early as 45 years of age. It should be pointed out that significant age-related performance decline in NC was found only in the intermediate velocity condition (108/s), where velocity cues are dominant. This velocity-selective age-related performance decline points to impairment in the mechanisms specific to velocity processing. No significant age effect at slow and fast velocities in the NC group suggests that the processing of non-motion information-position or contrast-is not affected at the early stage of aging. It should be noted that older NC subjects showed a trend towards impaired performance in the fast velocity condition (Table 2) , a hint that the processing of temporally modulated visual information may also be vulnerable to aging by age 55 years.
One interpretation of this result could be that the pathophysiology of schizophrenia severely impairs motion discrimination and overshadows the age factor. Another possibility could be that the processes of aging and the possibility of psychopathological improvement during the later stages of schizophrenia (Bleuler, 1978; Ciompi, 1980; Harding et al., 1987; Mason et al., 1995) bneutralizeQ each other, producing effectively unchanged performance across this age span. The clinical measures used in this study (e.g. BPRS score and duration of illness), however, did not vary with velocity-discrimination performance in patients, which does not support this interpretation. As schizophrenia patients may not be a homogeneous group with respect to velocity-discrimination impairment, it is important to ask whether those patients who performed relatively well show an age effect in velocity discrimination that is similar to that of normal controls. The homogeneity analysis of the variance in the SCZ group across age does not support the notion that there were subgroups of patients whose VDTs were differentially affected by aging in any systematic way. Whether this result can be generalized in a larger sample or to a larger age range remains to be seen.
Another interpretation of the differential age effects in SCZ and NC is that a common neural mechanism underlies the motion deficits in aging normal adults and in SCZ, but differs in timing. Hence, while normal aging impairs velocity discrimination, aging in SCZ does not worsen the velocity-discrimination deficit because the critical changes responsible for the impairment take place earlier in life and are not associated with a neurodegenerative process. We further discuss this interpretation below.
These findings are limited to patients and controls below age 55. The exclusion of much older subjects helped to minimize the effects of general functional decline in performance. This study cannot rule out the effects of medication because the group of unmedicated patients was small (n = 4). Following patients longitudinally and extending the age range will be important for future research.
Although velocity discrimination in normal controls started to decline in the 40-to 50-year age range, contrast detection did not. The different effects of age on these processes are not surprising; velocity discrimination and contrast detection are mediated at different stages of the visual system (DeYoe and Van Essen, 1988) . Owsley et al. (1983) reported that contrast sensitivity to moving gratings of low spatial frequency remains stable through early and middle adulthood, but it declines after age 60. In the present study, the NC and SCZ groups performed similarly in contrast detection, and performance was independent of age at least up to 55 years.
The velocity-discrimination results in normal adults indicate that this visual-capacity starts to decline around age 45. Velocity-discrimination thresholds at the intermediate base velocity (108/s) increased in the 45-to 55-year subgroup by over 90%, compared with those of the three younger subgroups (18-44 years). Because velocity discrimination in the other velocity conditions (slow and fast) and contrast detection, which impose comparable cognitive demands, were stable in the age range tested, the selective age-related performance decline found when motion cues predominate cannot be attributed to a general decline of cognitive or visual systems at this early stage of the aging process. This interpretation is consistent with the finding that working memory systems are intact in normal adults through age 55 (Grady and Craik, 2000) . Moreover, working memory deficits in SCZ do not impair performance on visual spatial tasks imposing a 500-ms delay (Park and Holzman, 1992) . Therefore, declining or impaired working memory is not likely to account for the deficit in velocity discrimination in older normal adults or in schizophrenia patients in this study.
Our result showing similar motion-processing impairments after age 45 in normal adults and throughout adulthood in schizophrenia patients suggests that a common underlying neural factor may contribute to the occurrence of these deficits. Changes in GABAergic modulation have been shown in the aging visual cortical system (Spokes, 1979; Grachev and Apkarian, 2001; Leventhal et al., 2003) , suggesting a possible candidate mechanism for the motion deficits that appear in the early stages of aging. The GABAergic system is also implicated in the pathophysiology of schizophrenia (see Benes, 2000 , for a review). It is possible that GABAergic modulation of visual processing, already altered in schizophrenia by neurodevelopmental effects, is not further impaired by GABAergic changes that occur during aging as part of a neurodegenerative process. Hence, motion-processing systems are not affected twice by alteration of the same mechanism.
We suggest that a specific neural mechanism occurring relatively early in the aging process results in the decline of motion-discrimination capacities but does not impair other visual functions (such as contrast detection). Consistent with this suggestion are the results of Trick and Silverman (1991) , which showed a distinct performance decline at the end of the fifth decade in the capacity to detect coherent motion (see the Table on p. 1438 of their article). As in Trick and Silverman (1991) , the results of the present study support the idea that the processing of precise visual motion signals declines during the fifth decade. It has been shown recently that the aging of the human brain, as measured by reduced gene expression, begins during the fifth decade of life (Lu et al., 2004) . Our finding suggests that motion discrimination may provide a sensitive indicator of early aging processes at the behavioral level.
